In the textbook model of transcriptional activation, activator recruits RNA polymerase to the promoter (1-3). Recruitment works purely by increasing the likelihood that there is an enzyme present, poised to synthesize mRNA; it does not require changes in the downstream events that lead to transcription. This scenario currently dominates interpretation of bacterial transcriptional activation data, and has been adopted in statistical-thermodynamic models of transcriptional activation that capture the activator-dependent expression of several promoters in Escherichia coli (4, 5) .
The simplicity and generality of the recruitment model are appealing; however, mechanisms of transcriptional activation can vary depending on the activator (3), and are sometimes surprising.
For example, MerR binds between the -10 and -35 RNA polymerase recognition sequences (6) , and might be expected to repress transcription by blocking polymerase interactions with the promoter. Instead of blocking polymerase, however, MerR and related transcription factors such as SoxR (7) activate transcription by extending the DNA between the hexamers to a length more appropriate for open complex formation.
In addition to diversity among activators, a single activator can work differently at different promoters. For example, cAMP receptor protein (CRP) binds at different locations upstream of the gal (-41.5), lac (-61.5), and malT (-70.5) promoters in E. coli, with diverse consequences for activation (8) . Interactions between CRP and polymerase vary for gal or lac, and activation at malT can involve an accelerated escape of polymerase from the initiation complex, without detectable changes in the events leading up to open complex formation (8, 9) . Like CRP, MarA activates transcription from diverse locations upstream of promoters; in addition, it binds to an asymmetric recognition motif with opposite orientations depending on the location (10, 11) . However, unlike CRP, which is controlled by intracellular cAMP, MarA has only one domain that interacts with both DNA and polymerase, and has no known effectors. In addition, MarA is a functional monomer whereas most well-characterized transcription factors, like CRP, are known to function as a dimer or a higher order complex.
Because the position and orientation of its recognition motifs are diverse, and its interactions are relatively simple, MarA is an ideal system for studying how activators differentially activate transcription from promoters. In addition, like CRP, MarA is a global regulator: it activates ~40 genes (the marA/soxS/rob regulon) of the E. coli chromosome resulting in different levels of resistance to a wide array of antibiotics and superoxides (see (12) for references). Diversity in transcriptional activation by MarA therefore presumably has important functional consequences for E. coli.
To characterize diversity in MarA regulation of promoter activity, we placed the expression of MarA under the control of the LacI repressor, determined the relationship between isopropyl -D-1-thiogalactopyranoside (IPTG) concentration and the intracellular concentration of MarA, and examined the expression of 10 promoters of the regulon as a function of activator concentration (13) . We found that: (i) the MarA concentrations needed for half-maximal activation varied by at least 19-fold among the promoters indicating substantial variation in promoter activities; (ii) only marRAB, micF, and sodA were saturated at the highest level of MarA obtained; and (iii) the correlation between the MarA concentration needed for halfmaximal promoter activity in vivo and marbox binding affinity in vitro was poor.
To understand the source of the diversity in MarA activation of promoters, we develop here a quantitative model of MarA transcriptional activation of marRAB, sodA, and micF-the only promoters that exhibited saturation at the highest levels of MarA (13) . Our model uses a statistical-thermodynamic treatment of promoter states (14) , and considers the interaction between activator and polymerase away from the promoter, which, to our knowledge, has not been considered in previous gene regulation models. The model rationalizes the poor correlation between in vivo promoter activity profiles and in vitro activator binding affinities. It also suggests that there are diverse mechanisms of MarA activation for the marRAB, sodA, and micF promoters.
We considered a statistical-thermodynamic model of promoter states that was originally developed to study transcriptional repression by phage repressor (14) . The model is illustrated in Fig. 1 . In State 0, the promoter is free. This is the reference state with energy G 0 = 0 . In State A, MarA is bound at the operator sequence O A , yielding free energy G A ; in State R, polymerase is bound at the promoter P, yielding free energy G R ; and in State X, both MarA and polymerase are bound, yielding free energy G X . These free energies are defined for 1 M concentrations of "free" MarA ( G A ), polymerase ( G R ), and MarA-polymerase complex ( G X ). (We use a liberal definition of free molecules in which they may be located anywhere away from the promoter, including nonspecific sites on DNA, and use a single effective free energy to characterize the equilibrium with the bound state.)
The free energies of the states are related to corresponding dissociation constants via 
, and
In Eqs. The equilibrium between free MarA (A) and polymerase (R) and the MarA-polymerase complex (X) is modeled assuming steady-state equilibration characterized by dissociation constant K AR .
We assume that interactions with the promoter do not significantly influence the equilibrium. This is a reasonable assumption given that the chromosomal lacZ reporter fusions used in Ref.
(13) have a copy number of at most 5 per cell. The model leads to the following equations 
For 
We use Eq. (2) to model assays of -galactosidase activity (Methods) (13) ; in doing this, we assume that the underlying promoter activity is proportional to the measured -galactosidase activity resulting from lacZ reporter expression. The activity assays were performed after many generations and are assumed to represent steady-state levels.
Calibration of IPTG against MarA. We calibrated IPTG levels against MarA levels using analyses of Western blots in multiple lanes from a single gel (13) . The MarA vs. IPTG data are well-described using the equation (Supporting Information Fig. S1 ). In the absence of IPTG, cells contained a small amount of
MarA that decreased in cells carrying a control plasmid. However, when we added this basal level of MarA to Eq. (5), we found that we were unable to explain the sensitivity of promoter activity to low levels of IPTG. In addition, all data points in the gel, except for a measurement at 2 uM IPTG, were consistent with the absence of MarA at low IPTG. We therefore used the simpler form of Eq. (5) for the modeling.
The model is consistent with promoter activation data. The best-fit activation profiles for each promoter are illustrated in Fig. 2 ; the quality of the fits indicates that the model is entirely consistent with the observed IPTG-dependent activation of the marRAB, sodA and micF promoters.
MarA increases polymerase activity. To determine whether polymerase activity changes when
MarA is bound to the promoter, we calculated the ratio a X /a R for all models. For each model with each set of parameter values, both a X and a R were obtained using Eq. (2) to perform a linear regression (Model). Results are expressed in terms of the acceleration energy, e a , defined as
The acceleration energy is equivalent to the activator-induced change in activation energy of a lumped transcription initiation process, under the assumption that a X and a R each follow an
Arrhenius law with the same attack frequency. A value e a = 0 corresponds to a X = a R ; this condition is consistent with a strict recruitment model of transcriptional activation, in which activator increases the occupancy of polymerase at the promoter but does not alter the kinetics of polymerase activity (1, 3) . Models with e a < 0 exhibit acceleration and models with e a > 0 exhibit retardation of polymerase activity in the presence of activator.
The acceleration energy is negative for all 10,000 sets of parameter values in each promoter activation model (Supporting Information Fig. S2 , left panels). Activator therefore increases polymerase activity in all promoter activation models. For each promoter, the value of e a corresponding to the minimum in 2 is in the neighborhood of k B T (Table II) .
MarA does not recruit polymerase to the marRAB and sodA promoters. To determine whether the affinity of polymerase for the promoter changes in the presence or absence of MarA, we calculated the ratio between corresponding polymerase-DNA dissociation constants. The dissociation constant in the absence of MarA is just K R . The dissociation constant in the presence of MarA, K R + , is determined by dissociation constants given in Table I 
We calculated the ratio K R + K R and used the recruitment energy, e r , to characterize the change in polymerase-DNA affinity upon MarA binding:
From the definition of G X (Model), G X + k B T lnK AR is equal to the free energy of the MarApolymerase-DNA complex in the presence of 1 M free MarA and 1 M free polymerase.
Therefore, from the definitions of G A and G R (Model) the recruitment energy e r is equal to the free energy of interaction between MarA and polymerase on the DNA in the presence of 1 M each free MarA and free polymerase. A value e r = 0 indicates no interaction between MarA and polymerase; a value e r < 0 indicates that MarA attracts polymerase to the promoter; and a value e r > 0 indicates that MarA repels polymerase from the promoter. For the parameter ranges in Table I , e r assumes either positive or negative values (Supporting Information Fig. S2 , right panels).
For marRAB, the models with the lowest 2 have e r < 0 (Table II; Supporting Information Fig. 2a, 2b, right panels;). MarA activation of marRAB therefore involves attraction of polymerase to the promoter by MarA. For sodA, the models with the lowest 2 have e r slightly less than 0, indicating that MarA weakly attracts polymerase to the promoter. We also compared the total occupancy of polymerase at the promoter, i:
Where x i is the value of parameter x in the i th sample, x min is the value of x in the sample with the lowest value of 2 , and i 2 is the value of 2 for the i th sample. In using the likelihood function e i 2 2 , we assume that the errors in measurements of mean promoter activity are independent and normally distributed with widths equal to the standard error of the mean (error bars in Fig. 2 and error values in Supporting Information Table S1 ). The values of a R , e a , p RX , and p RX + p RX in Table II are well-constrained by the data given the nominal ranges in parameter values ( Table I ).
The sign of e r is positive for marRAB and negative for micF; for sodA, the value is slightly negative, but indistinguishable from 0 given the errors (Table II ; Supporting Information Fig.   S2 ). The absolute parameter values of K R and K X are poorly constrained (not shown), but their ratio is well-constrained (and is related to e r through Eq. (8)).
To quantitatively assess confidence in the finding that MarA repels polymerase from the micF promoter, we used Bayesian analysis methods to estimate a cumulative posterior probability distribution of p RX + p RX values given the range parameter values in Table I . To perform the analysis, we used the likelihood function e i 2 2 in Eq. (9), and assumed a log uniform prior over parameter ranges. The analysis indicated that, given the assumed parameter ranges and prior, there is a 45% chance that p RX + p RX is smaller than 0.7, a 55% chance that it is smaller than 0.8, and a 72% chance that it is smaller than 0.9 (the full curve is shown in Supporting Information Fig. S4 ). Based on this analysis, it seems reasonably likely that MarA repulsion of polymerase from the micF promoter is significant.
We also examined the sensitivity of the results to wider parameter variation (Model). All wider variations tested yielded at least some promoter activation curves with reasonable values of 2 .
Decreasing [R]
T to 1,000 or 300 copies per cell lowered the value of e r /K B T for the model of
Model of Transcriptional Activation Wall et al., page 12
sodA activation to -3.9 with an error of either 0.2 (for 1,000 copies) or 0.3 (for 300 copies), indicating strong attraction as opposed to very weak attraction for 3,000 copies per cell (Table   II) . Otherwise, the qualitative mechanisms exhibited by the best-fit models remained robust to wider parameter variations: polymerase is bound at the marRAB, sodA, and micF promoters in the absence of MarA; activation of marRAB and sodA involves acceleration of polymerase kinetics, and activation of micF involves acceleration accompanied by repulsion of polymerase from the promoter. We expect interactions with polymerase to be similarly important for other activators, such as CRP, which also binds to polymerase away from the promoter (15) . Indeed, our model reproduces a measured CRP-dependent activation profile of the lac promoter, and, as expected, predicts that recruitment can be significant in lac activation. However, we expect interactions with polymerase to be less important when a repressor decreases expression by interfering with polymerase binding at the promoter. Such interference corresponds to very large values of K X in our model, which increases the importance of K A in determining the promoter activity profile.
The correlation between a repressor's dissociation constant for binding to a recognition sequence and the level of repressor required for half-maximal repression is therefore expected to be high.
The model predicts that recruitment is not a significant factor in MarA activation of the marRAB, sodA, and micF promoters. For all of these promoters, the model predicts that polymerase is bound with near unit occupancy in the absence of MarA, and that activation occurs through an increase in polymerase activity when MarA is bound. It is important to note that our model was developed using data from mar-rob-strains (13), in which the repressor MarR is absent. In wildtype E. coli, we do expect polymerase to be bound at the sodA and micF promoters in the absence of inducers. However, in wild-type E. coli, MarR not only blocks polymerase binding but also blocks MarA binding at marRAB (16) . We therefore do not expect polymerase to bind at the marRAB promoter in the absence of inducers that relieve MarR repression. Because our model allows the values of a X and a R to differ, it is slightly more complex than the regulated recruitment model of transcriptional activation. This additional complexity is wellmotivated when activator interacts with -CTD of polymerase, as is the case for MarA. In the absence of activator, polymerase needs to disengage from sigma to escape the promoter;
however, in the presence of activator, polymerase must sever its interactions with both sigma and activator. Because of this effect, tight interactions between activator and polymerase are expected to retard promoter escape and decrease the value of a X compared to a R . Our results support this expectation: e a and e r values in Table II (and for wider parameter ranges) are anticorrelated, indicating that stronger recruitment is associated with lower ratios a X /a R .
An unexpected result of our study is that activation of micF might involve repulsion of polymerase from the promoter by MarA. In light of the discussion above, it is possible that polymerase normally sits at the micF promoter, and that binding of activator accelerates the events up to and including promoter escape and message elongation, which effectively decreases the promoter affinity of polymerase. The possibility of this mechanism follows immediately from differentiating Eq. (4) with respect to [A] T , which yields
Eq. (10) indicates that, for negative p R , positive p X , and negative p R + p X ( ) , a can be positive for a X > a R p R p X . As this condition can only hold for a X > a R , repulsion decreases latency in transcription compared to regulated recruitment, which calls for a X = a R . In addition, whereas recruitment involves a decrease in the polymerase off rate in the presence of activator, repulsion involves an increase in the polymerase off rate; repulsion can therefore decrease latency in deactivation of promoters. Such decreases in latency might confer a competitive advantage to E.
coli in an ecological context (20) . The mechanisms of repulsion, highlighted for the micF promoter, and acceleration, highlighted for the marRAB, sodA, and micF promoters, are general and might be important for activation of other promoters in E. coli and beyond.
We used a wide range of parameter values to model the MarA-dependent activity of the marRAB, sodA, and micF promoters. In presenting our results, we focus on the values listed in Table II . Figure S2 . Dependence of 2 of a) marRAB, b) sodA, and c) micF models on the acceleration energy (left panels) or attraction energy (right panels). Points correspond to 10,000 different sets of parameter values, sampled using the values in Table I . Points with the lowest 2 value correspond to the systems in Table II . Table I . For the best models of all promoters, polymerase is bound at the promoter in the absence of activator. For the best models of mar and sodA, the occupancy remains essentially unchanged in the presence of activator. For the best model of micF, the occupancy decreases in the presence of activator. Figure S4 . Estimated posterior cumulative probability distribution of the micF occupancy ratio.
The analysis suggests there is a reasonable chance that the occupancy ratio is measurably less than 1. Figure S5 : The occupancy ratio can be greater than 1 for low-2 models of lac activation by CRP, indicating that recruitment can be a significant factor for this system.
